Abstract Members of the claudin family of proteins are the main components of tight junctions (TJs), the major selective barrier of the paracellular pathway between epithelial cells. The selectivity and specificity of TJ strands are determined by the type of claudins present.
, thus preventing or reducing paracellular diffusion (Madara 1998) . In addition to their barrier function, TJs contribute to the maintenance of cellular polarity (Cereijido et al. 1998 (Cereijido et al. , 2000 . Discoveries made in recent years have revealed that TJs play important roles in various processes, including cell proliferation and differentiation, injury repair, the immune response, drug delivery, and cancer (Cereijido et al. 2007) .
TJ strands are composed of at least four types of membrane-spanning proteins: occludin (Furuse et al. 1993) , members of the junction adhesion molecule (JAM) family (Mandell and Parkos 2005) , tricellulin (Ikenouchi et al. 2005; Riazuddin et al. 2006) , and more than 20 members of the claudin family (Tsukita and Furuse 2000; Van Itallie and Anderson 2006) . Important insight into the role of claudins has come from the phenotypes of humans and animals with mutations in specific claudin genes. Mutations of human CLDN1 underlie neonatal ichthyosis and sclerosing cholangitis (Hadj-Rabia et al. 2004 ). Cldn1-null mice and transgenic mice overexpressing Cldn6 die shortly after birth because of dysfunction of the epidermal permeability barrier Turksen and Troy 2002) . Cldn5-null mice also die shortly after birth and show size-selective loosening of the blood-brain barrier (Nitta et al. 2003) . Cldn15-null mice have mega-intestine resulting from enhanced proliferation of normal cryptic cells after weaning (Tamura et al. 2008) . CLDN16-deficiency leads to familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC) in humans and mice, and to chronic interstitial nephritis in cattle (Hirano et al. 2000; Hou et al. 2007; Simon et al. 1999) , caused by dysfunction of paracellular renal transport mechanisms. Mutations of CLDN19 in humans are associated with the combination of FHHNC and severe ocular involvement (Konrad et al. 2006 ). Cldn19-null mice present with peripheral nervous system deficits attributable to the absence of TJs from Schwann cells (Miyamoto et al. 2005) . Cldn11-null mice demonstrate neurological and reproductive deficits, because of the absence of TJs in the myelin of the central nervous system (CNS) and between Sertoli cells in the testis (Gow et al. 1999) . These mice also have hearing loss because of reduced endocochlear potentials (EP; Gow et al. 2004; Kitajiri et al. 2004a ). Mutations of human CLDN14 cause profound congenital deafness DFNB29 (Wilcox et al. 2001) , and Cldn14-null mice are also deaf as a result of rapid degeneration of cochlear outer hair cells (OHCs) shortly after birth (Ben-Yosef et al. 2003) .
Claudins have various tissue distribution patterns, and most tissues express several different claudins Morita et al. 1999) . Selectivity and specificity of paired TJ strands are determined by the type of claudins present and their stoichiometry (Furuse et al. 2001; Furuse 2000, 2002; Van Itallie and Anderson 2006) .
Within each organ, different claudins may be part of the same heteropolymeric TJ strands or of separate TJ strands that interact with each other (Morita et al. 1999; Tsukita and Furuse 2000) . In addition, different claudins may be located in separate segments within an organ. Segment-specific expression patterns of various claudins have been demonstrated in many organs, including the kidney (KiuchiSaishin et al. 2002; Reyes et al. 2002) and the inner ear (Kitajiri et al. 2004b) .
A useful approach for studying the interactions between the different claudins and their possible synergistic effects is to create mouse models in which more than one claudin is abolished. Six claudin mouse knockouts have been reported to date (Ben-Yosef et al. 2003; Furuse et al. 2002; Gow et al. 1999; Miyamoto et al. 2005; Nitta et al. 2003; Tamura et al. 2008) . We have chosen two of these knockout strains (Cldn11-null and Cldn14-null mice) and generated claudin 11/claudin 14 double mutants. We have carefully evaluated these mice to study the organ systems affected separately in each of the strains and any other systems expressing both Cldn11 and Cldn14.
Materials and methods
All experiments were performed according to the guidelines of the Committee for the Supervision of Animal Experiments, Technion-Israel Institute of Technology.
DNA and RNA analysis
Extraction of genomic DNA from mouse tails was performed with the High Pure PCR Template Preparation Kit (Roche). The genotype of Cldn11 was determined by a polymerase chain reaction (PCR)-based assay as described previously (Gow et al. 1999; Fig. 1b) . The genotype of Cldn14 was determined by a PCR-based assay, as follows. The wild type (wt) allele was amplified with a common primer (GGCTGCATAACCAGGATACTC) and a wt primer (GTACAGGCTGAATGACTACGTG; 340-bp product). The knockout allele was amplified with the common primer and a mutant primer (CAGCTCATTCCTCCCACT CATGATC; 275-bp product; Fig. 1b ). Cycling conditions were 95°C for 1 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a final step of 72°C for 10 min.
Total RNA was isolated from mouse organs by using Tri reagent (Sigma) and treated with RQ1 RNase-free DNase (Promega). Reverse transcription (RT) was performed with 1 μg total RNA in a 20-μl reaction volume by using Superscript II reverse transcriptase (Invitrogen). RT-PCR was performed with 2 μl cDNA in a 50-μl reaction volume in the presence of 1× PCR buffer, 0.02 U thermostable DNA polymerase (gene choice), 20 pmol each of forward and reverse primers, 100 mM of each dNTP, and 1.5 mM MgCl 2 . Primer sequences and cycling conditions for Cldn14 and Actb were as reported previously (Ben-Yosef et al. 2003) . Primer sequences for Cldn11 were: TGAGTC GAGCTGCGTGGACGTC and CGTACAGCGAGTAGC CAAAGC. Cycling conditions were 95°C for 1 min, followed by 35 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 60 s, and a final step of 72°C for 10 min.
Relative expression levels of claudin family members in the kidney and inner ear were analyzed by semi-quantitative RT-PCR. cDNA was subjected to PCR amplification with primer-pairs specific to each claudin, under non-saturating conditions (21-32 cycles of amplification). Primer sequences were as follows: Cldn1, TTGCAGAGACCCCAT CACCTTCGC and CTGTTTCCATACCATGCTGTGGC; Cldn19, CTGAGTCCTGGAACTCTCAGAC and CAGACGTACTCTCTGGCAGCAG; Cldn23: ACCT CGCAGATTCGAGGACAG and GCCAGTGACGTGAT CATGAGTC; Cldn2 and Cldn7 (Yi et al. 2000) ; Cldn3, Cldn4, Cldn5, Cldn8, Cldn10, Cldn12, Cldn13, Cldn15, and Cldn16 (Acharya et al. 2004 ); Cldn6 (Turksen and Troy 2002) . PCR products were subjected to electrophoresis on a 10% acrylamide gel, and relative band intensities were quantified with ImageMaster (Bio-Rad) and TotalLab (Phoretix International) software. Results were normalized based on relative expression levels of β-actin (Actb) in each sample. Fig. 1 Generation of Cldn11/Cldn14 double-knockout mice. a Cldn14 and Cldn11 genotypes of mice used in each set of matings and genotypes of the offspring. The numbers above the genotypes indicate the proportion of mice with this genotype among all offspring in a given mating. b For specific amplification of the wild-type (wt) and knockout (ko) alleles, if present, from each DNA sample, three different polymerase chain reaction (PCR) primers were used in each case (a common primer, a wt primer, and a mutant primer). For Cldn11, a single multiplexed PCR with all three different PCR primers was performed.
PCR product sizes were 390 bp for the wt allele and 290 bp for the ko allele. For Cldn14, two separate PCRs with two sets of primers (common and wt primers or common and mutant primers) were performed. PCR product sizes were 340 bp for the wt allele and 275 bp for the ko allele. c Brain cDNA was analyzed by reverse transcription and PCR for Cldn11 and Cldn14 expression (512-bp and 664-bp products, respectively) in mice of various genotypes. As a control, the Actb gene (β-actin; 465-bp product) -/-, Cldn11 -/-, and Cldn11 -/-/Cldn14 -/-) was evaluated at the age of 3 months by a beam-walking test, following standard procedures (Carter et al. 1997) . Hearing was evaluated with Auditory Brainstem Response (ABR) analysis by using an auditory evoked potential diagnostic system (Intelligent Hearing Systems) with high-frequency transducers, as previously described (Ben-Yosef et al. 2003) . Analysis was performed on 5-11 mice of each genotype (wt, Cldn14 -/-, Cldn11 -/-and Cldn11 -/-/Cldn14 -/-) at 2 months of age. The maximum sound intensities tested were 100 dB-SPL for 8 and 32 kHz, and 90 dB-SPL for 16 kHz.
Immunohistochemistry
Inner ears of wt, Cldn14
-/-, Cldn11 -/-, and Cldn11 -/-/ Cldn14 -/-mice at postnatal day 16 (P16) were dissected from the temporal bones and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 2 h. The organ of Corti was processed for immunohistochemistry as previously described . Immunohistochemistry was performed with a specific antibody raised against a peptide (CTASLPQEDMEPNATPTTPEA) located within the C-terminus of mouse prestin. F-actin was visualized by rhodamine-phalloidin staining (Molecular Probes) as previously described (Beyer et al. 2000) .
To determine the localization of claudin 11 and claudin 14 within the kidney, the following markers for various nephron segments were used: aquaporin-1 (AQP1; proximal convoluted tubules in the cortex and thin descending limb of the loop of Henle in the medulla); aquaporin-2 (AQP2; collecting ducts); Tamm-Horsfall glycoprotein (THP; thick ascending limb of the loop of Henle); and cytokeratin K8 (CK8; collecting ducts, distal convoluted tubules in the cortex, and thin ascending limb of the loop of Henle in the medulla; Kiuchi-Saishin et al. 2002; Piepenhagen et al. 1995) . Kidneys were removed from wt male mice (3 months old), frozen with liquid nitrogen, sectioned with a cryostat, mounted on single glass slides, and air-dried. Sections were then fixed with 95% ethanol at 4°C for 30 min, followed by 100% acetone at room temperature for 1 min. After incubation with 0.2% Triton X-100 for 10 min and a soaking in PBS containing 1% bovine serum albumin, sections were incubated for 60 min in a moist chamber with rabbit anti-claudin 14 (Wilcox et al. 2001) , rabbit anticlaudin 11 (Zymed Laboratories), chicken anti-CK8 (Abcam), goat anti-THP, goat anti-AQP1, or goat anti-AQP2 (Santa Cruz Biotechnology) as primary antibodies. Sections were then washed three times with PBS, followed by a 60-min incubation with the appropriate secondary antibodies. Secondary antibodies used were fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG (Amersham Biosciences), Cy3-conjugated donkey anti-goat IgG, Cy3-conjugated goat anti-rabbit IgG, and Cy2-conjugated goat anti-chicken IgG (Jackson ImmunoResearch Laboratories). After being washed with PBS, sections were embedded with Vectashield containing 4,6-diamidino-2-phenylindole (Vector Laboratories). Slides were viewed with a BioRad confocal microscope.
Results

Generation of claudin 11/claudin 14 double-knockout mice
Mice singly deficient for claudin 11 or claudin 14 were generated and characterized as previously described (Ben-Yosef et al. 2003; Gow et al. 1999) . The mating scheme for generating claudin 11/claudin 14 double mutants is presented in Fig. 1a . Double mutants were obtained by three consecutive generations of matings. In the third generation, Cldn11
-/-mice constituted 25% of the offspring, as expected (Fig. 1a ). Genotypes were confirmed by PCR-based assays (Fig. 1b) . No Cldn11 or Cldn14 transcripts were detected by RT-PCR from brains of Cldn11
-/-mice (Fig. 1c) . The claudin 11/claudin 14 double mutants were viable and exhibited normal growth, thus demonstrating that elimination of both these TJ proteins was compatible with life.
Reproductive and neurological deficits in claudin 11/claudin 14 double mutants Cldn14-null mice are fertile and have normal neurological function (Ben-Yosef et al. 2003) . Cldn11-null mice have neurological abnormalities, mainly presenting as hindlimb weakness, which is attributed to the lack of TJs in the CNS myelin. In addition, Cldn11-null males are sterile, because of the absence of TJs from between the Sertoli cells in the testis (Gow et al. 1999) . As expected, claudin 11/claudin 14 double mutant males are also sterile. In addition, both males and females exhibit hindlimb weakness similar to that of claudin-11-deficient mice.
Hearing loss with normal vestibular function in claudin 11/claudin 14 double mutants Both Cldn11 and Cldn14 are expressed in the inner ear. However, within this organ, their expression is confined to separate compartments. Cldn11 is mainly expressed in basal cells of the stria vascularis (St.V.), whereas Cldn14 is expressed in the inner and outer hair cells (IHCs and OHCs, respectively) and in supporting cells in the organ of Corti. Low expression levels of both genes have been reported in other sections of the inner ear, including the vestibular sensory epithelium (Ben-Yosef et al. 2003; Gow et al. 1999 Gow et al. , 2004 Kitajiri et al. 2004a, b) . However, no vestibular abnormalities have been found in claudin-14-deficient humans and mice or in claudin-11-deficient mice (Ben-Yosef et al. 2003; Gow et al. 1999; Wilcox et al. 2001) . We have made the same observation in claudin 11/claudin 14 double mutants, which display no obvious abnormal behavior indicative of vestibular dysfunction in mice, such as circling, head tossing, or hyperactivity.
Both Cld11-nulll and Cldn14-null mice have severe hearing loss at all frequencies tested (Ben-Yosef et al. 2003; Gow et al. 2004; Kitajiri et al. 2004a) . At the age of 2 months, Cldn14-null mice have hearing loss of over 40 dB-SPL at the low frequencies (8 and 16 kHz), and approximately 30 dB-SPL at the high frequencies (32 kHz), in comparison with wt littermates. At the same age, hearing loss in Cldn11-null mice appears to be milder (22-27 dB-SPL over all frequencies tested), although the difference is not statistically significant (Table 1) . At 2 months of age, claudin 11/claudin 14 double mutants were found to have ABR thresholds similar to those obtained from Cldn14-null mice at the same age (Table 1) .
Cochlear pathology in claudin 11/claudin 14 double mutants
The inner ears of Cldn14-null mice develop normally, with both IHCs and OHCs being present and indistinguishable from wt mice at P7. However, rapid loss of OHCs is subsequently observed, which is followed by loss of IHCs (Ben-Yosef et al. 2003 ; Fig. 2 ). Cldn11-null mice have normal and functional IHCs and OHCs, but in these mice, TJs between basal cells of the St.V. are missing. No gross morphological malformations are observed in the inner ears of Cldn11-null mice, except for an edematous appearance of the St.V., which may reflect changes in the ion composition of the intrastrial space, caused by infusion of perilymph from surrounding regions (Gow et al. 2004; Kitajiri et al. 2004a ; Fig. 2b ). Histological analysis of inner ear sections of claudin 11/claudin 14 double mutants at the age of 2 months revealed a combination of hair cell loss at the organ of Corti, and an edematous appearance of the St. V. (Fig. 2d) . No additional abnormalities were observed. The timing of OHC loss in claudin 11/claudin 14 double mutants was similar to that of Cldn14-null mice, as by P16 most OHCs were missing throughout the cochlea in mice of both genotypes (Fig. 2k,l) .
Claudin 11/claudin 14 double-knockout mice have normal kidney function Both Cldn11 and Cldn14 are highly expressed in kidney, although no renal dysfunction has been observed in humans and mice homozygous for CLDN14 mutations (Ben-Yosef et al. 2003; Wilcox et al. 2001) or in Cldn11-null mice (Gow et al. 1999) . Within the kidney, we have found that claudin 11 is mainly expressed in the cortex, where it partially co-localizes with AQP1 and fully co-localizes with CK8 (Fig. 3 ), but not with AQP2 (data not shown). These findings indicate that claudin 11 is located in both the proximal and distal convoluted tubules, but not in the collecting duct. Claudin 11 has also been reported to colocalize with THP in the thick ascending limb of the loop of Henle (Kiuchi-Saishin et al. 2002) . However, we have not observed such co-localization. The reason for these different observations is unclear but may result from differences in antibody specificities. We have previously found high expression levels of Cldn14 in the kidney medulla, based on X-gal staining (Ben-Yosef et al. 2003) . Following immunostaining of mouse kidney sections with an antibody against claudin 14, we observed that claudin 14 was expressed in both the medulla and cortex, although staining in the cortex was less intense. Co-immunostaining with antibodies against claudin 14 and markers for various nephron segments revealed colocalization of claudin 14 with AQP1 in both the medulla and cortex. In addition, claudin 14 co-localized with THP in the medulla (Fig. 3) . These findings indicated that claudin 14 was located in both the thin descending and thick ascending limbs of the loop of Henle, and in the proximal convoluted tubules.
Our data indicate that claudin 11 and claudin 14 have distinct and partially overlapping expression patterns in the nephron. Both claudins are located in the proximal convoluted tubules, but only the later is expressed in Henle's loop. In order to evaluate the physiological relevance of the Cldn11/Cldn14 double gene deletion, we have performed a panel of tests including plasma and urine 
Cldn14
-/-, and Cldn11 -/-/ Cldn14 -/-mice at P16 were processed for immunostaining with an anti-prestin antibody (green), which served as a marker for OHC bodies. Rhodamine-phalloidin staining (red) was used to observe the actin-rich stereocilia and cuticular plate of cochlear hair cells. Confocal cross-sections from the apical region, taken at the level of stereocilia (e-h) and the OHC body (i-l). The single row of IHCs (arrow) and three rows of OHCs (arrowheads) are indicated. Bars5 μm Fig. 3 Segment-specific expression pattern of claudin 11 and claudin 14 in kidney nephrons. Frozen sections of kidney from wt mice at the age of 3 months were stained with primary antibodies for claudin 11 or claudin 14 (green) and for nephron segment-specific markers (red). Claudin 11 is partially co-localized with AQP1 in the proximal convoluted tubule (a-c) and fully co-localized with CK8 in the distal convoluted tubule (cortex; j-l). Claudin 14 is co-localized with AQP1 in both proximal convoluted tubule (cortex; d-f) and thin descending limb of the loop of Henle (medulla; g-i), and with THP in the thick ascending limb of the loop of Henle (m-o). Bars 10 μm chemical analysis and measurement of glomerular filtration rate (GFR) and blood pressure in claudin 11/claudin 14 double mutants and wt animals. Selected renal and systemic characteristics of the two groups of animals are depicted in Expression levels of claudin genes in kidneys and inner ears of claudin 11/claudin 14 double mutants At least ten distinct claudins are expressed in various segments of the inner ear (Kitajiri et al. 2004b) , and at least 15 are expressed in the adult mouse kidney (Angelow et al. 2007; Ben-Yosef et al. 2003; Kiuchi-Saishin et al. 2002; Li et al. 2004) . A possible mechanism for maintaining homeostasis within a TJ strand may involve tight coregulation of the different claudins. Therefore, alteration of one or more claudins may have regulatory repercussions on other claudins expressed in the same tissue.
To test this hypothesis, we used semi-quantitative RT-PCR to analyze the expression levels of various claudin genes in kidneys and inner ears from wt and Cldn11 -/-
-/-mice. Only a two-fold increase or higher was considered significant. Our analysis revealed that, in the ear, the simultaneous elimination of both Cldn11 and Cldn14 did not lead to a compensatory up-regulation of other types of claudins (Fig. 4a) . In the kidney, four claudin genes (Cldn3, Cldn5, Cldn7, and Cldn23) were slightly up-regulated (2.2-to 2.5-fold increase in expression level) in the double mutants, in comparison with wt mice (Fig. 4b) . in the thick ascending limb of the loop of Henle; Simon et al. 1999) , and some tissues express a single claudin (e.g., claudin 11 in CNS oligodendrocytes and in Sertoli cells; Gow et al. 1999) . Nevertheless, most tissues express several different claudins, and most claudins are expressed in more than one tissue Morita et al. 1999; Van Itallie and Anderson 2006) .
Elimination of a certain claudin can have various effects on TJ structure and function. For example, the elimination of claudin 11 leads to the complete absence of TJ strands in certain regions of the CNS, testes, and inner ear (Gow et al. 1999 (Gow et al. , 2004 Kitajiri et al. 2004a ). On the other hand, in the absence of claudin 14, TJ strands between hair cells and supporting cells in the organ of Corti are present and appear normal, but TJ function is severely altered (Ben-Yosef et al. 2003) . Elimination of either claudin 11 or claudin 14 has no apparent effect on TJ function in the kidney (Gow et al. 2004 (Gow et al. , 1999 Kitajiri et al. 2004a) . These findings further demonstrate that the combination and stoichiometry of claudins in a TJ are important, but that other factors (such as other TJ proteins) are also involved in the generation and maintenance of TJ structure and/or function in certain epithelial tissues.
To date, six claudin mouse knockouts have been generated (Cldn1-, Cldn5-, Cldn15-, Cldn19-, Cldn11-, and Cldn14-null mice), but a claudin double mutant has not yet been reported. We have generated claudin 11/ claudin 14 double mutants and evaluated them to study the organ systems affected in each of the singly deficient strains (mainly the inner ear) and in other organs expressing both Cldn11 and Cldn14 (i.e., kidney). Our hypothesis was that, if one of these two claudins can substitute for the other, then in the absence of both claudins, a new defect might emerge that is not elicited by the absence of each claudin separately. However, claudin 11/claudin 14 double mutants have been found to exhibit a combination of the phenotypes found in each of the singly deficient strains, and no additional phenotypes have been detected.
At least ten distinct claudins are expressed in various segments of the inner ear (Kitajiri et al. 2004b) . Only two of them, claudin 11 and claudin 14, have been associated with hearing loss. However, the spatial expression patterns of Cldn11 and Cldn14 within the inner ear and the etiology of inner ear dysfunction caused by mutations of each of these claudins are different. Cldn11 is expressed in basal cells of the St.V., whereas Cldn14 is expressed in IHCs and OHCs and in supporting cells within the organ of Corti. In Cldn14-null mice by the age of 3 weeks, nearly all OHCs are lost, and there is also a partial loss of IHCs. In mammals, OHCs are electromechanical cochlear amplifiers that enhance hearing sensitivity by more than 40 dB (Dallos and Harris 1978; Ryan and Dallos 1975) . Indeed, a hearing loss of 40 dB or more is found in these mice as early as P15 (Ben-Yosef et al. 2003) . We assumed that the process of OHC loss in Cldn14-null mice was attributable to an altered ionic composition within the space of Nuel, which surrounds the basolateral membranes of OHCs. Specifically, we have previously demonstrated that claudin 14 is highly selective against cations. These properties are precisely the ones required to maintain the high cation gradients between perilymph and endolymph. Presumably, in the absence of claudin 14, the ability to maintain the paracellular barrier against cations at the reticular lamina is lost, possibly resulting in an elevated K + concentration in the space of Nuel. This environment is probably toxic to the basolateral membrane of OHCs (Ben-Yosef et al. 2003) . The cause for hearing loss in Cldn11-null mice is reduced EP. The electrogenic machinery that generates the EP is localized in the St.V. (Salt et al. 1987) . In Cldn11-null mice, the absence of a paracellular barrier between the basal cells of the St.V. renders the intrastrial space open to the perilymph and abolishes its electrical isolation (Gow et al. 1999 (Gow et al. , 2004 Kitajiri et al. 2004a) .
Since Cldn11 and Cldn14 expression patterns within the inner ear do not overlap, physical interaction between them within the TJ strand is not possible. However, we have hypothesized that they could cooperate through their effects on inner ear ion balance and homeostasis. Hypothetically, a reduction of endolymphatic K + concentration attributable to the lack of claudin 11 could prevent the OHC degeneration that is caused by the lack of claudin 14. Nevertheless, such double-deficient mice would still be deaf, because of reduced EP. Indeed, the inner ear pathology in Cldn11/ Cldn14 double mutants involves both a loosening of the intrastrial compartment and the rapid degeneration of OHCs, which happens with the same timing as such changes in Cldn14-null mice (Fig. 2) . This finding indirectly indicates that, in Cldn11/Cldn14 double mutants, as in Cldn11 singly deficient mice, and despite the marked reduction in EP, the absence of basal cell TJs appears to cause minimal disruption to ion homeostasis in the cochlea, as K + levels in endolymph of Cldn11-null mice are normal (Gow et al. 2004; Kitajiri et al. 2004a) .
Of the 24 claudins annotated in mammalian genomes, at least 15 are expressed in the adult mouse kidney (Angelow et al. 2007; Ben-Yosef et al. 2003; Kiuchi-Saishin et al. 2002; Li et al. 2004) . In every segment of the kidney nephron, several claudins are expressed simultaneously (Kiuchi-Saishin et al. 2002) . For example, at least five distinct claudins are located in the thick ascending limb of the loop of Henle. These include claudins 3, 10, 14, 16, and 19 (Angelow et al. 2007; Kiuchi-Saishin et al. 2002; Fig. 3) . Such an expression pattern may lead to marked redundancy between claudins and might serve as a backup mechanism. Nevertheless, mutations of either claudin 16 or claudin 19 have been associated with a severe renal phenotype (FHHNC; Hirano et al. 2000; Hou et al. 2007; Konrad et al. 2006; Simon et al. 1999 ). On the other hand, deficiency in claudin 14 has no obvious effect on kidney function (Ben-Yosef et al. 2003; Wilcox et al. 2001) . Taken together, these observations demonstrate that, in certain tissues, some claudins appear to be indispensable, whereas others appear to be functionally redundant. However, the combined loss of two or more "nonessential" claudins might elicit an abnormal phenotype.
Our data indicate that the segment-specific expression patterns of claudin 11 and claudin 14 in kidney nephrons are partially overlapping, since both of them (and claudins 1, 2, 10, and 12) are located in the adult mouse proximal convoluted tubules ( Fig. 3 ; Abuazza et al. 2006; KiuchiSaishin et al. 2002) . Claudins have been shown to determine epithelial ion permeability through the electrostatic charges of specific amino acid residues on their first extracellular loops (Colegio et al. 2003) . For example, claudins 2 and 15 are cation-selective. In contrast, both claudin 11 and claudin 14 are anion-selective (discriminative against cations; Ben-Yosef et al. 2003; Van Itallie et al. 2003) . Based on these similar electrophysiological properties, one may assume that claudin 11 and claudin 14 are compatible in the nephron, and that the simultaneous elimination of both claudins would affect the renal handling of certain electrolytes. Nevertheless, no significant kidney dysfunction or electrolyte disturbance have been observed in Cldn11/Cldn14 double mutant mice. The co-expression of claudin 11 and claudin 14 in the proximal tubules supports our findings since, in this segment of the nephron, the majority of filtered electrolytes are reabsorbed via the transcellular, rather than via the paracellular route (Dantzler 2003; Hebert 1999; Naderi and Reilly 2008 (Naderi and Reilly 2008) . While analyzing the phenotype of Cldn11/Cldn14 double mutants, one must consider the possibility that the simultaneous elimination of both claudins has regulatory repercussions on other claudins and an affect on the final outcome. Our analysis indicates that this is not the case in the inner ear, where no significant increase in expression levels of various claudin genes has been observed (Fig. 4a) . In the kidney, a mild increase has been seen in the expression levels of Cldn3, Cldn5, Cldn7, and Cldn23 (Fig. 4b) . Cldn5 is expressed only in the endothelial cells of blood vessels (Kiuchi-Saishin et al. 2002) , and thus its relevance to kidney function in the double mutants is unclear. Cldn3 is expressed in Henle's loop, in the distal convoluted tubules, and in the collecting ducts (KiuchiSaishin et al. 2002) . The location of Cldn7 and Cldn23 expression within the mouse nephron is unknown. We cannot rule out that the increased expression levels of these genes in the double mutants represent a compensatory upregulation. Nevertheless, their effect on the renal phenotype remains to be determined.
On one hand, our results further demonstrate the marked redundancy between claudins in the kidney. On the other hand, they raise questions regarding the biological basis for the expression of such a wide repertoire of claudin family members in the kidney, given that at least some of them do not appear to be essential for normal renal function, and that even the combined elimination of two claudins is well tolerated by this organ, as described here. Some claudins might become important under certain types of physiological stress, but not under normal conditions. From an evolutionary point of view, another possibility is that the variety of claudins expressed in the kidney (and in other organs) is under the constant process of fine-tuning, and the finding that certain family members are expressed in the kidney at this time-point does not necessarily reflect an essential role in renal function.
In summary, Cldn11/Cldn14 double mutant mice exhibit a combination of the phenotypes found in each of the singly deficient mutants, but no additional abnormalities. Whereas we cannot say with certainty that claudin 11 and claudin 14 are not cooperative based on these findings alone, our data do not support such a hypothetical cooperation. The generation of additional mouse models in which different claudin combinations are abolished should provide further insight into the complex interactions between claudin family members in various physiological systems.
